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ABSTRACT
Phytoplankton population dynamics are significant indicators of ecosystem health and
marine food web structure. Phytoplankton population dynamics are also highly variable,
especially within complex coastal ocean systems. To capture temporal phytoplankton population
dynamics, a weekly time series measuring temperature, salinity, tide height, chlorophyll a
concentration, nutrients, and phytoplankton biodiversity was performed at two sites in New
Hampshire over an annual cycle. Despite being geographically close in proximity, the coastal
and estuarine locations were very different in terms of blooming periods, community
composition, and ecological factors. Phytoplankton blooms occurred at least once each season on
the coast, consisting of Rhizosolenia sp., Skeletonema sp., and Coscinodiscus sp., while the
estuary displayed only a spring bloom of Coscinodiscus sp., Detonula sp., and Thalassiosira sp.
Diatom species richness was higher on the coast (13 species, 11,925 mean diatoms L-1) even
though the estuary had double the diatom abundance (10 species, 22,641 mean diatoms L-1). PO4,
NH4, NO2, and SiO2 differed in seasonality between locations, with nutrients being higher in
winter on the coast, and higher in summer in the estuary. Seasonal variability of phytoplankton
population dynamics and environmental factors portray the importance of frequent, long-term
measurements of these parameters in diverse habitats. Ultimately, time series can provide
essential information for ecosystem modeling, the fisheries and aquaculture industries, and future
trends in climate change.
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INTRODUCTION
Significance of Phytoplankton and the Relationships with their Environment
Phytoplankton play a substantial role in the health and structure of not only the marine
environment, but the global environment. As microscopic organisms that constitute less than 1%
of the photosynthetic biomass on the planet, phytoplankton produce up to 80% of the world’s
oxygen and up to 50% of net primary production (Field et al., 1998). Oxygenic
photosynthesizers such as phytoplankton produce virtually all organic matter on earth, which is
essential for biogeochemical cycling and life itself (Field et al., 1998). In addition to the
production of organic matter, phytoplankton mediate the flow of nutrients throughout the marine
environment, resulting in major impacts on ecosystem structure and biogeochemical processes
(Falkowski et al., 2000). The net primary production produced by phytoplankton allows for the
transfer of energy to heterotrophs up the marine food chain, ultimately maintaining ecosystem
balance through trophic interactions. Furthermore, through net primary production,
phytoplankton play a significant role in the sequestration and deep-sea export of carbon, which is
essential for mitigating the effects of ocean acidification due to climate change (Ducklow et al.,
2001).
Phytoplankton can also form large, expansive aggregations of cells, often termed a
‘bloom’. Phytoplankton blooms can be considered beneficial, as this surge in biomass is
positively correlated with primary production and increased trophic interactions throughout the
marine food web (Trombetta et al., 2019). However, blooms can also negatively impact the
marine environment through significant changes in oxygen concentrations and community
composition. Blooms of phytoplankton are affected by a myriad of factors. One factor that is
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becoming increasingly important as the climate changes is the impact of temperature altering
primary productivity through photosynthetic carbon assimilation (Falkowski and Raven, 2013),
enhanced nutrient uptake (Cross et al., 2015), and shifts in community composition. For
example, higher temperatures have been associated with picoeukaryote and nanoeukaryote
dominance in phytoplankton communities, possibly due to increased nutrient affinity and CO 2
uptake maximizing their growth (Sommer et al., 2017). In another example of how changing
climate can alter phytoplankton population dynamics, cyanobacteria abundance has been found
to be strongly associated with increases in water temperature, resulting in nutrient limitation and
hypoxic conditions (Vahtera et al., 2007). Additionally, some species of cyanobacteria are
harmful, containing toxins that can bioaccumulate up the food chain and cause illness and death,
even in humans (Jakubowska and Szeląg-Wasielewska, 2015). Given the impact that future
ocean conditions are projected to have on phytoplankton abundance and community
composition, it is critical to capture current phytoplankton population dynamics as a baseline to
compare with future conditions.
These changes in phytoplankton population abundance and composition are expected to
have major impacts on the trophic relationships in marine food webs (Chapman et al., 2020;
Pansch et al., 2014). Phytoplankton biomass strongly correlates with fisheries yield (Ryther,
1969; Chassot et al., 2010), where fisheries production is highest in areas of high primary
productivity, particularly nutrient-rich upwelling areas (Ware and Thomson, 1991). Therefore,
phytoplankton frequently control carrying capacity in marine ecosystems through primary
productivity and resource control. Community composition, in particular, has an impact on
trophic interactions as phytoplankton size varies linearly with fish biomass (Blanchard et al.,
2012; Woodworth-Jefcoats et al., 2013; Carozza et al., 2019). Additionally, phytoplankton
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provide nutrients for invertebrate larvae and bivalves as prey, as well as nutrients for the
reproductive development of certain fish species such as cod (Barillé et al., 1997; Cresson et al.,
2016; Prowse et al., 2017; Røjbek et al., 2012). When smaller phytoplankton species dominate
populations, microzooplankton, such as ciliates, will create the trophic connection between
primary producers and copepods (Trombetta et al., 2019). This intermediate step results in a
reduction of energy transfer between primary producers and higher trophic levels, including
planktivores and piscivores, ultimately altering the entire marine food web and the fisheries
industry (Trombetta et al., 2019). In addition, phenological changes are likely in response to a
changing climate. For example, in the Gulf of Maine, spawn time of some fish larvae no longer
corresponds to peak phytoplankton blooms, resulting in recruitment failure and less resiliency to
other climate change effects (Asch et al., 2019). By determining the composition of
phytoplankton communities to species level, we can contribute to estimates of sustainable
fisheries modeling for invertebrates, shellfish, and fishes, particularly those with economic
impacts.
There are over 5000 different species encompassing phytoplankton communities globally
(Sournia et al., 1991). Community composition is particularly important as different genera
perform different biogeochemical processing in their environment which subsequently impacts
the structure of marine ecosystems (Moore, 2008). Diatoms, which make up most of the Gulf of
Maine community, are efficient with carbon export and primary productivity, while
coccolithophores contribute to carbon fluxes and cloud formation through dimethyl sulfide
production (Paasche, 2001). Dinoflagellates are a diverse array of phytoplankton from toxic
species, to calcifying ones, to species that provide structure to their ecosystems (Moore, 2008).
Phytoplankton communities are easily impacted by both abiotic and biotic factors within their
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environment. For example, increases in temperature and decreases in salinity are found to
increase phytoplankton abundance but lower species richness (Trombetta et al., 2019; Qasim et
al., 1972). Ultimately, analyzing the community composition and abundance of phytoplankton
populations, including the biotic and abiotic factors within their environment, can provide
valuable information on the effects of temporal variability in these populations, and their impact
on ecosystem management and the fisheries industry.
Time Series and Coastal Ecosystems
Given the stochastic nature of marine ecosystems, predicting phytoplankton population
dynamics remains complex. The phenology and magnitude of phytoplankton biomass varies in
both space and time, and thus are major factors in the flow of energy between trophic levels in
the marine food web (Corbière et al., 2007). Both community composition and population
dynamics are impacted by a variety of factors such as temperature, salinity, biogeochemical
nutrient cycling, and predator-prey interactions. In addition, these factors vary spatially and
temporally, making it impossible to correlate one particular factor with influencing
phytoplankton population dynamics using observations from a single point in space and time.
For example, temperature can, at times, predict phytoplankton growth rates, with an increase in
temperature associated with triggering blooms (Trombetta et al., 2019), but temperature provides
limited predictions of phytoplankton loss rates due to microzooplankton grazing (Anderson and
Harvey, 2019). Elucidating the mechanisms behind phytoplankton population dynamics is
critical for understanding the structure of marine ecosystems and the factors that affect them.
To better understand the factors that influence phytoplankton variability in marine
ecosystems, especially in coastal ecosystems, time series have proved to be invaluable. Changes
in phytoplankton biomass, primary productivity, and community composition are common in
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coastal environments, as they are highly dynamic and productive ecosystems, and can be
impacted by a variety of abiotic and biotic factors. Only 6% of the Earth’s surface are coastal
waters, but they are estimated to provide up to 43% of global ecosystem services (Costanza et
al., 2014). Coastal waters are host to numerous ecological and economic assets, providing
habitats for marine organisms, while also contributing to fisheries industries, aquaculture, and
recreation (Costanza et al., 1997). While extremely valuable, coastal ecosystems are particularly
susceptible to the impacts of climate change as they are more reactive to environmental forcing
fluctuations compared to pelagic waters (Trombetta et al., 2019). Drivers of phytoplankton
population dynamics can also give valuable insight into the seasonality of blooming events, and
subsequently, the effects they have on the marine food web. Temporal variation in coastal
ecosystems can be explained by sampling weekly over the course of a year to provide insight
into the ecological and environmental factors that are most important in mediating phytoplankton
population dynamics (Cloern and Jassby, 2010). By analyzing the extent of influence that these
factors have on phytoplankton population dynamics, accurate predictions of ecosystem health
and manageability can be made. Additionally, assessing the temporal variations in coastal
ecosystems allows for the evaluation of both natural and anthropogenic influences present in
these areas and can conclude which habitats are affected by such influences.
Phytoplankton in Coastal New Hampshire
Despite the importance of phytoplankton time series in providing a more refined
understanding of phytoplankton population dynamics in marine systems, there is a lack of
information regarding phytoplankton variability in coastal NH. This gap in information can
ultimately have a negative impact on the local economy and fisheries industry. If more
information regarding phytoplankton population dynamics is obtained, it could be used for
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modeling the effects of climate change, predicting sustainable fisheries biomass, and tracking the
flow of nutrients through watersheds in coastal areas. While past efforts have focused on
capturing changes in chlorophyll a (a proxy for phytoplankton abundance) over time at various
sites in the Great Bay Estuary or along the NH coast, these studies have been restricted in
frequency of sampling and have not fully characterized the phytoplankton community
composition (Short, 1992; Jones, 2000). These past studies have used chlorophyll and nutrient
measurements to determine phytoplankton abundance on a monthly scale, which is not
representative of the life cycle of phytoplankton. Since most phytoplankton divide every 1-2
days, a higher temporal resolution must be used to capture ephemeral changes in phytoplankton
population dynamics.
Understanding phytoplankton population dynamics in coastal NH is critical, as coastal
NH is part of the Gulf of Maine (GOM). The GOM lies off the coast of New England, spanning
36,000 square miles from New Brunswick to Massachusetts (Gulf of Maine Council on the
Marine Environment, 2020). It is one of the most diverse habitats in the world, scattered with a
variety of ecosystems ranging from highly recessed estuaries to abyssal basins, hosting an
abundance of marine life. Due to a northward shift in the Gulf Stream and the North Atlantic
Oscillation, the GOM has begun warming more rapidly than 99% of the global ocean (Pershing
et al., 2015). New Hampshire’s coastal and estuarine habitats provide a model system for
measuring the productivity of marine ecosystems through their flourishing biodiversity and
central locations throughout the Gulf of Maine. In coastal NH, the Great Bay Estuary is a tidally
dominated, highly mixed estuary fed by 7 major rivers, and is nationally recognized by the US
EPA National Estuary Program. Historically found to support healthy oyster reefs, the estuary is
no longer as healthy due to overfishing and disease, resulting in oyster farming through
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aquaculture with the few reefs remaining (PREP 2018; Eckert, 2015). The effect of
phytoplankton stocks on oyster reef success has not been evaluated, therefore, determining if
there is any relationship between phytoplankton biomass and oyster larval recruitment can prove
valuable for the success of the aquaculture and fisheries industries in coastal NH. Hampton is a
highly populated, coastal urban area in NH with a higher population and increased development
compared to the areas surrounding Great Bay (Jones, 2000). The coastal waters around urban
areas are typically found to have higher concentrations of nutrients due to runoff, and therefore
have the potential to impact phytoplankton biomass and species type (Howarth et al., 2000).
Estuaries and coastal zones like Hampton and Great Bay are profoundly impacted by temporal
variations and can provide a sufficient representation of fluctuations in phytoplankton
communities (Eppley, 1972). Measuring phytoplankton biodiversity over a year along with key
oceanographic factors such as nutrient abundance on a weekly basis, will provide a baseline for
phytoplankton dynamics in coastal NH and help predict how these dynamics may change in the
future.
To examine the environmental and ecological impacts on phytoplankton population
dynamics, a weekly time series was performed over the course of a year in Great Bay Estuary
and off the coast of New Hampshire, which is the first study of its kind in the area. Spatial and
temporal variability measured in other coastal ecosystems show variation in chlorophyll a and
nutrient concentrations (Short, 1992). Temperature, tide height, salinity, nutrient availability,
chlorophyll a concentration, and phytoplankton abundance and species type were measured and
analyzed to determine possible correlations with phytoplankton growth and population
dynamics. Developing a baseline for primary productivity in coastal New Hampshire will further
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establish predictions on biogeochemical nutrient cycling and ecosystem modeling, particularly in
the face of climate change.

METHODS
Whole seawater was collected at peak high tide from two locations, the coastal zone of
North Beach in Hampton, New Hampshire, (hereafter referred to as NB; 42.9268659, 70.7983751) and the Jackson Estuarine Laboratory in Durham, New Hampshire (hereafter
referred to as JEL; 43.0920913, -70.8644661), weekly from October 28th, 2020, through
November 3rd, 2021 (Figure 1).

Figure 1. Map of sampling locations in coastal New Hampshire.
During each sampling, a 5.0-liter carboy was filled with surface (1 m) seawater and kept
out of direct sunlight for transport back to the laboratory for analysis (less than 1 hour between
sampling and processing). Temperature and salinity data were obtained from the National Data
Buoy Center Stations IOSN3 and GBQN3. Tide height was obtained from US Harbors tide
charts https://www.usharbors.com/harbor/new-hampshire/.
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Chlorophyll a Concentration
At each location, triplicate chlorophyll samples were analyzed. For each sample,
approximately 100-300 mL of seawater was gently filtered through 25 mm glass fiber filters
(GFF), using a filtration manifold. The filters were placed into tinfoil-covered tubes containing 5
ml 100% ethanol to extract at room temperature, in the dark for ~12 hours. After vortexing and
removing the filters, the chlorophyll a fluorescence in each tube was read on an AquaFluor
fluorometer. Fluorescence values obtained by the AquaFluor were converted into chlorophyll
concentrations (µg L-1) using a standard curve generated by purchased chlorophyll standards.
Nutrient Composition
From each location, 80 ml of seawater was filtered through a 0.22 µm polycarbonate
filter into a 125 mL sampling bottle. These samples were frozen and further analyzed at the UNH
Water Quality Analysis Laboratory using the SmartChem Wet Chemistry Analyzer Series to
determine NO3, NO2, NH4, PO4, and SiO2 concentrations.
Biodiversity
Approximately 20 mL of seawater from each location was filtered into a conical tube
through 40-micron nylon mesh. From the filtered water, triplicate 5 mL samples were preserved
using 100 µL of glutaraldehyde (final concentration 1%) in cryovials. These samples were frozen
and later run on a flow cytometer (Guava EasyCyte HT). Phytoplankton group-specific
abundances were determined with triplicate 200 µL aliquots of sample in a 96-well plate run on
the flow cytometer for 3 minutes at low flow rate (0.24 µL s-1). Phytoplankton were categorized
into three major groups: cyanobacteria, picoplankton, and nanoplankton, based on forward
scatter plots vs. orange (phycoerythrin-containing, Synechococcus spp.) or red (picoeukaryotes
and nanoeukaryotes) fluorescence signals (Worden and Binder 2003).
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Additionally, 30 mL of water from each location was filtered through 300 µm mesh and
observed live using a FlowCam. When samples could not be processed immediately, they were
preserved with glutaraldehyde and refrigerated at 4°C and processed within 1 week of sampling.
The FlowCam was equipped with a 300 µm field of view flow cell with samples run at a flow
rate of 2 mL min-1 on Autoimage mode. Phytoplankton assemblages of 20-200 µm were
observed with individuals classified to the finest possible taxonomic level, at least to the genus
with most individuals classified to the species level. A minimum of 5000 replicates were
captured as images on the FlowCam per sample. Abundance was determined by converting
group-specific counts through the analyzed volume and a particle capture efficiency of 72%,
which accounts for individuals not captured by the flow cell (Poulton, 2016). The average
dimensions of the cells were measured for each defined group, with chain-forming diatoms
classified as an individual cell. Cellular dimensions were used to estimate diatom biovolume
using the closest geometric formula for solitary (prolate spheroid) and chain-forming (cone, 1/2
sphere + cone) groups (Hillebrand et al., 1999).
Statistical Analysis
Data was analyzed through GraphPad Prism Plus 9.3.1. Principle Component Analysis
(PCA) was used to represent the relationship between the phytoplankton populations at each
sampling site. The first two principal components provide a means of identifying any temporal
correlations between environmental factors and phytoplankton population dynamics, while also
displaying changes in seasonality of these factors. Data points in closer proximity to one another
represent sampling time points with similar environmental parameters and community
composition. To assess the relative importance of environmental and biological factors in
predicting diatom abundances at each location, a partial least-squares (PLS) regression was
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applied using the R package pls (Mevik and Wehrens, 2007). Two separate model runs were
conducted, one for each location. All variables were log-transformed prior to analysis and
thereafter standardized by centering and scaling to unit variance (Eriksson et al. 2006). Variable
influence on the projection (VIP) was determined for each predictor variable, with VIP values >
1 considered more important to the PLS model (Eriksson et al. 2006).

RESULTS
Abiotic Parameters
Temporal variations at both study sites occurred in temperature (NB: 0.7-20.8, JEL: 1.220 °C), salinity (NB: 21- 32, JEL: 16- 33 ppt), and tide height (NB: 6.9-10.4, JEL: 5.3-8.0 ft)
(Figures 2-4). Temperature peaked in late August at both locations and reached its lowest point
in February (Figure 2). Salinity remained relatively balanced throughout the year at NB, but
fluctuated for JEL, however there was no seasonally-specific pattern identifiable (Figure 3). Tide
height was relatively stable seasonally at both locations (Figure 4). For both locations,
concentrations of dissolved NO3 + NO2 (NB: 1.39-197.1 μg L-1; JEL: 2.24-192.16 μg L-1) were
highest during the winter months, along with NO3 + NO2: PO4 (NB: 0.077-21.77 μg L-1; JEL:
0.18-18.01 μg L-1), while NH4 (NB: 0.06-52.2 μg L-1; JEL: 0.03-77.24 μg L-1) remained
relatively stable with small peaks at NB in late winter through early spring, and peaks at JEL
during the summer (Figures 5-7). PO4 also remained relatively stable throughout the year with a
small peak in the late fall and early spring at NB and a peak from summer to late fall at JEL (NB:
7.58-38.51 μg L-1; JEL: 1.58-33.33 μg L-1) (Figure 8). SiO2 had a similar trend to PO4, with a
large peak in winter at NB, and large peaks in the summer and fall at JEL (NB: 0.01-2.71 mg L-1;
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JEL: 0-2.84 mg L-1) (Figure 9). SiO2 demonstrated higher weekly variability at JEL, while at NB
weekly variability in SiO2 was low at sampling dates outside the large winter peak.

Figure 2. Surface water temperature (°C) at North Beach (NB) and Jackson Estuarine
Laboratory (JEL) from October 2020 to November 2021.

Figure 3. Surface water salinity (ppt) at North Beach (NB) and Jackson Estuarine
Laboratory (JEL) from October 2020 to November 2021.
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Figure 4. High tide height (ft) at North Beach (NB) and Jackson Estuarine Laboratory
(JEL) from October 2020 to November 2021.

Figure 5. NO3 + NO2 (μg L-1) at North Beach (NB) and Jackson Estuarine Laboratory (JEL)
from October 2020 to November 2021.
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Figure 6. NO3 + NO2: PO4 (μg L-1) at North Beach (NB) and Jackson Estuarine Laboratory (JEL)
from October 2020 to November 2021.

Figure 7. NH4 (μg L-1) at North Beach (NB) and Jackson Estuarine Laboratory (JEL) from
October 2020 to November 2021.
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Figure 8. PO4 (μg L-1) at North Beach (NB) and Jackson Estuarine Laboratory (JEL) from
October 2020 to November 2021.

Figure 9. SiO2 (mg L-1) at North Beach (NB) and Jackson Estuarine Laboratory (JEL) from
October 2020 to November 2021.
Phytoplankton Biomass and Community Composition
Chlorophyll a concentrations peaked during spring and early summer at JEL (2.05-35.05
μg L-1), with three peaks in February, May, and August (Figure 10). At NB, chlorophyll
remained relatively balanced throughout the year, but was punctuated by peaks in chlorophyll in
every season (Figure 4; 1.78-39.09 μg L-1) (Figure 10).
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Figure 10. Chlorophyll a concentrations (μg L-1) at North Beach (NB) and Jackson
Estuarine Laboratory (JEL) from October 2020 to November 2021.
Comparing the carbon concentration of the small members of the phytoplankton
community found that picoeukaryotes accounted for an average of 65% of total carbon biomass,
nanoeukaryotes 32.5%, and cyanobacteria 2.5% at NB (Figure 11). At JEL, carbon biomass was
distributed similarly with picoeukaryotes accounting for 61.5%, nanoeukaryotes 37.3%, and
cyanobacteria 1.2% of total carbon biomass (Figure 11). In both locations, the relative abundance
of picoeukaryotes was highest from May to September consisting of approximately 80% of the
population, compared to approximately 50% throughout the remainder of the year.
Nanoeukaryotes experienced the highest relative abundance from October to April at
approximately 40% of the total population, relative to 20% during the remainder of the year.
Throughout the year in both locations, cyanobacteria remained a small fraction of the total
biomass, but during the fall had a higher relative abundance at NB compared to JEL.
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Figure 11. Carbon biomass percentage of picoeukaryotes (dark blue), nanoeukaryotes
(light blue), and cyanobacteria (black) at North Beach (NB) and Jackson Estuarine Laboratory
(JEL) from October 2020 to November 2021.
The concentration of these smaller cells gradually increased during the late summer and
early fall at both locations. At JEL, picoeukaryote abundance ranged from 594 to 91,200 μg C L1

with an average of 6,797 μg C L-1 for picoeukaryotes, 156 to 4,189 μg C L-1 with an average of

1,045 μg C L-1 for nanoeukaryotes, and 6 to 10,182 μg C L-1 with an average of 618 μg C L-1 for
cyanobacteria (Figure 12). At NB picoeukaryote abundance ranged from 407 to 31,979 μg C L-1
with an average of 6603 μg C L-1 for picoeukaryotes, 60 to 17,372 μg C L-1 with an average of
1,243 μg C L-1 for nanoeukaryotes, and 0 to 18,524 μg C L-1 with an average of 2,201 μg C L-1
for cyanobacteria (Figure 12).
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Figure 12. Carbon biomass (μg C L-1) of picoeukaryotes (dark blue), nanoeukaryotes
(light blue), and cyanobacteria (black) at North Beach (NB) and Jackson Estuarine Laboratory
(JEL) from October 2020 to November 2021.
Diatom Populations
Diatom species richness varied temporally at both locations, with more species overall
found at NB (13 species) relative to JEL (10 species) (Tables 6-7). Overall, diatom richness
peaked in late fall through early spring at both locations (Figure 13). The most commons species
found include Skeletonema sp., Coscinodiscus sp., Thalassiosira sp., and Navicula sp. (Tables 67).
At NB, diatom concentration ranged from 366 to 97,733 diatoms L-1, with an average of
11,925 diatoms L-1 (Figure 14). The highest diatom abundances at NB were found in December
through February and August through October. At JEL, diatom abundance ranged from 633175,200 diatoms L-1, with an average of 22,641 diatoms L-1 (Figure 14). Diatom concentration at
JEL peaked during late winter/early spring with a peak of 175,200 diatoms L-1 (Figure 14). The
average diatom carbon biomass ranged from 0.29-103.58 μg C L-1 at NB and displayed peaks in
January and September, respectively (Figure 15). At JEL, diatom carbon biomass ranged from
0.26-362.09 μg C L-1, with a large peak in March (Figure 15). The peak at JEL corresponds
directly to the peak in chlorophyll a concentration (Figures 10 and 15).
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VIP scores from the PLS analysis showed that temperature, salinity, chlorophyll a, SiO2,
NH4, and NO3 + NO2 were all important factors in the model for diatom abundance at NB (Table
1). At JEL, only temperature, chlorophyll a, picoeukaryote, and cyanobacteria abundance were
found to be important to the model describing diatom abundance (Table 2).

Figure 13. Species richness at North Beach (NB) and Jackson Estuarine Laboratory (JEL) from
October 2020 to November 2021.

Figure 14. Diatom concentrations (diatoms L-1) at North Beach (NB) and Jackson Estuarine
Laboratory (JEL) from October 2020 to November 2021.
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Figure 15. Average diatom carbon biomass (μg C L-1) at North Beach (NB) and Jackson
Estuarine Laboratory (JEL) from October 2020 to November 2021.
Table 1. Partial least squares regression of diatom abundance with another factor at North Beach,
significant values of variable importance of the projection (VIP) are bolded.
Diatom Concentration vs
VIP Score
Temperature
1.06
Salinity
1.06
Tide Height
0.49
Chlorophyll a
1.60
Picoeukaryotes
0.87
Nanoeukaryotes
0.65
Cyanobacteria
0.77
PO4
0.63
SiO2
1.15
NH4
1.04
NO3 + NO2
1.19
Table 2. Partial least squares regression of diatom abundance with another factor at Jackson
Estuarine Laboratory, significant values of variable importance of the projection (VIP) are
bolded.
Diatom Abundance vs
VIP Score
Temperature
1.60
Salinity
0.39
Tide Height
0.269
Chlorophyll a
1.68
Picoeukaryotes
1.40
Nanoeukaryotes
0.50
Cyanobacteria
1.03
PO4
1.22
SiO2
0.31
NH4
0.52
NO3 + NO2
0.50
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Principal Component Analysis
First, PCA was used to examine potential correlations between the two geographic
locations. The variables used in the PCA were temperature, salinity, tide height, NO 3+ NO2, PO4,
NH4, SiO2, chlorophyll a concentration, abundance of pico-, nanoeukaryotes, and cyanobacteria,
and diatom concentration. The top two principal components (PC’s) accounted for 40.73% of the
total variance for both NB and JEL, with eigen values of at least 1, indicating significance (Table
3). PC1 had positive correlations with all nutrient concentrations, as well as diatom
concentrations and tide height, and had negative correlations with all small phytoplankton
abundances, temperature, chlorophyll a concentration, and salinity (Figure 16). PC2 had positive
correlations with temperature, chlorophyll a and diatom concentrations, picoeukaryote
abundance, and SiO2 and NH4 concentrations, and negative correlations with salinity, tide height,
and NO3 + NO2 (Figure 16). Sampling sites were divided by PC2, with NB being more
thoroughly influenced by salinity, tide height, and NO3 + NO2, and JEL more influenced by
temperature, chlorophyll a and diatom concentrations, picoeukaryote abundance, and the
concentrations of SiO2 and NH4 (Figure 17).
Second, PCA was used to examine potential seasonal differences within each location.
For NB, the first two principal components accounted for 51.65% of the variance, with
significant eigen values (Table 4). Temperature, as well as the abundance of cyanobacteria and
picoeukaryotes displayed a strong negative correlation with PC1, while NH 4 and SiO2 displayed
high positive correlations (Figure 18). PC2 had a very strong negative correlation with salinity,
while strong positive correlations with chlorophyll a and diatom concentrations (Figure 18).
Seasonally, winter displayed a positive correlation with PC1, with summer displaying a negative
correlation. PC2 displayed a fairly even distribution of seasonality (Figure 19). For JEL, the first
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two principle components accounted for 46.89% of the total variance, with significant eigen
values of at least 1 (Table 5). PC1 was negatively associated with NH 4, chlorophyll a, and
diatom concentrations (Figure 20). PC2 was positively correlated with nanoeukaryote
abundance, tide height, and salinity, while negatively correlated with temperature, picoeukaryote
abundance, and the concentrations of dissolved PO4, NH4, and SiO2 (Figure 20). PC1 was
negatively correlated with summer, while positively correlated with winter and spring (Figure
21). PC2 was positively correlated with fall, and negatively correlated with spring (Figure 21).
Table 3. PCA eigenvalues for a matrix of 12 variables at North Beach and Jackson Estuarine
Laboratory.
Proportion of variance
Cumulative proportion
PC summary Eigenvalue
of variance
PC1
2.785
23.21%
23.21%
PC2

2.103

17.52%

40.73%

PC3

1.783

14.86%

55.59%

PC4

1.089

9.08%

64.67%

PC5

1.000

8.34%

73.00%

PC6

0.7434

6.20%

79.2%

PC7

0.6743

5.62%

84.82%

PC8

0.5730

4.77%

89.59%

PC9

0.5532

4.61%

94.20%

PC10

0.3466

2.89%

97.09%

PC11

0.2096

1.75%

98.84%

PC12

0.1396

1.16%

100.00%
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Figure 16. PC Loadings from North Beach and Jackson Estuarine Laboratory from October 2020
to November 2021.

Figure 17. PC scores from North Beach (NB) and Jackson Estuarine Laboratory (JEL) from
October 2020 to November 2021.

23

Table 4. PCA eigenvalues for a matrix of 11 variables at North Beach.
Proportion of variance
Cumulative proportion
PC summary Eigenvalue
of variance
PC1
3.508
31.89%
31.89%
PC2

2.173

19.76%

51.65%

PC3

1.380

12.54%

64.19%

PC4

0.9898

9.00%

73.19%

PC5

0.9495

8.63%

81.82%

PC6

0.7096

6.45%

88.27%

PC7

0.4024

3.66%

91.93%

PC8

0.3871

3.52%

95.45%

PC9

0.2200

2.00%

97.45%

PC10

0.2123

1.93%

99.38%

PC11

0.06826

0.62%

100.00%

Figure 18. PC Loadings from North Beach from October 2020 to November 2021.
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Figure 19. PC Scores from North Beach from October 2020 to November 2021.

Table 5. PCA eigenvalues for a matrix of 11 variables at Jackson Estuarine Laboratory.
Proportion of variance
Cumulative proportion
PC summary Eigenvalue
of variance
PC1
3.148
28.62%
28.62%
PC2

2.009

18.26%

46.89%

PC3

1.454

13.22%

60.10%

PC4

1.285

11.69%

71.79%

PC5

0.8737

7.94%

79.73%

PC6

0.6337

5.76%

85.50%

PC7

0.5277

4.80%

90.29%

PC8

0.4492

4.08%

94.38%

PC9

0.2932

2.67%

97.04%

PC10

0.2177

1.98%

99.02%

PC11

0.1077

0.98%

100.00%
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Figure 20. PC Loadings from Jackson Estuarine Laboratory from October 2020 to November
2021.

Figure 21. PC Scores from Jackson Estuarine Laboratory from October 2020 to November 2021.
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DISCUSSION
Temporal Variability of Environmental Factors
Temporal changes occurred in the abiotic and biotic parameters throughout the sampling
period in both the coastal and estuarine locations. There was no difference in the trends in sea
surface temperature between the coastal and estuarine study sites, as they both increased during
the summer and decreased during the winter, following typical seasonal changes. Tide height had
slight temporal changes but remained fairly stable at each site for the duration of the study, with
higher tides at NB compared to JEL due to the limited tidal effect on estuaries. Salinity was
much more variable at JEL, likely due to the influx of freshwater from the many rivers that
empty into Great Bay (Short, 1992).
Phytoplankton blooms, represented by peaks in chlorophyll a concentration, differed
between the coastal and estuarine sites. The coast demonstrated consistent blooms with one
occurring each season, while the estuary exhibited one large bloom in the spring months. In this
study as well as others, annual bloom frequency does not appear to be impacted only by abiotic
environmental factors, with no consistent patterns in temporal variation observed between
sampling sites (Carstensen et al., 2015). The high turbidity of coastal waters in the surf zone may
have contributed to the high variability of chlorophyll a concentrations at NB, resulting in
aggregations of phytoplankton at the surface of the water column. Additionally, chlorophyll a
concentrations may have been influenced by climatic factors. For example, the North Atlantic
Oscillation has been known to impact interannual variability of primary production in the Gulf of
Maine through its method of water transport along the bottom of the Northeast Channel (Kane,
2011). Warm water from the southern slope is richer in inorganic nitrogen, and increases primary
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production, while cold water from the Labrador Slope does not foster high nutrient
concentrations, decreasing primary production (Kane, 2011). Influxes of nutrients from these
currents can result in temporal phytoplankton variability, but a longer time series would have to
be performed to measure the impact on coastal NH.
Temporal Variability of Nutrient Concentrations
Great Bay is a eutrophic estuary, meaning it is rich in nutrients that support a range of
micro- and macroflora including eelgrass, macroalgae, and phytoplankton. Often eutrophic
systems can stimulate the over-growth of primary producers, which can result in diminished
oxygen levels within the water column causing hypoxic conditions (Lowien, 2021). As nutrients
are highly trafficked among organisms in estuarine systems, dissolved nutrient concentrations
provide a snapshot in time of nutrient conditions, and can help to understand distributions and
abundances of phytoplankton. In this study, dissolved NO3 concentrations were at their highest
during the winter months at both locations, along with NO2 concentrations at NB. NO2
concentrations at JEL did not correlate with NO3, with a peak in the summer rather than winter.
PO4 concentrations were more variable throughout the year with no distinct pattern except for a
few small peaks in the fall and winter at NB and in the summer and fall at JEL. Both nitrogen
(NO3 + NO2) and PO4 followed trends similar to past results (2008-2018), with higher values in
winter for nitrogen and in the summer and fall for PO4 (Lowien, 2021).
All nutrients, with the exception of NO3, portray opposite patterns between sampling
locations, with consistent peaks in winter at NB and peaks in summer and early fall at JEL. A
drought in the summer of 2021 may explain the sharp decrease in nutrient concentrations on the
coast with decreased rainfall preventing nutrient-loaded runoff from entering the ecosystem
(Hartman, 2022). Nutrients therefore may be accumulating in the estuary during these periods of
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low rainfall instead of being flushed out into the ocean, ultimately allowing primary producers to
effectively utilize these nutrients, resulting in a net autotrophic ecosystem (Hopkinson and
Vallino, 1995). There is evidence of high autotrophy during periods of drought in a previous
study in Great Bay (Lowien, 2021), implying that these nutrients are indeed accumulating in the
estuary, while simultaneously preventing a nutrient influx from entering the coast.
Ratios of NO3 and NO2 (N) to PO4 (P) were calculated and both sampling sites show
peaks in winter, followed by a steady decline into summer and fall. The Redfield ratio of N:P is
approximately 16:1. Typically, when the ratio is high, phytoplankton communities are limited by
PO4, and when the ratio is low, it is limited by NO3 and NO2. The high PO4 concentrations
throughout the year imply that the ecosystems are not PO4 limited, and instead are limited by
sunlight in the winter, as the days are shorter with less sunlight availability. In the summer when
the ratio is low, the ecosystems are limited by NO3 and NO2, which is consistent with past
studies (Malone et al., 1996). The fact that trends in nutrient availability are much more
inconsistent at JEL compared to NB may be attributed to variable rainfall patterns and runoff
from local urbanized communities (Lowien, 2021).
Given the decline in eelgrass beds (-42%) throughout coastal NH, much has been
speculated regarding the influence of phytoplankton on the eelgrass populations. Eelgrass beds
have played a central role in the estuarine ecosystems, as they are highly productive and reduce
the effects of eutrophication by decreasing available nutrients that phytoplankton could use for
growth (Wang, et. al., 2020). When phytoplankton outcompete with eelgrass for nutrients and
light, eelgrass populations suffer, ultimately effecting the entire ecosystem through a reduction in
habitat and food for other organisms. In contrast, during periods of high water quality, clarity,
and reduced phytoplankton abundance, eelgrass beds can recover. Water quality is considered
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poor when chlorophyll concentrations are above 20 µg L-1. While chlorophyll a concentrations
were at times higher than 20 µg L-1 during this time series, the temporal extent over which this
happened was limited (Figure 10). The punctuated peaks of chlorophyll in both systems, rather
than extended high chlorophyll time periods, implies that phytoplankton are unlikely to alter the
availability of nutrients and sunlight to eelgrass.
Temporal Variability in Diatoms
Diatoms thrive in nutrient-rich waters that have lower Redfield ratios and are typically
nitrogen-limited (Sharoni and Halevy, 2020). The Redfield ratio being consistently lower at both
sampling locations corresponds with the high frequency of diatoms found in this study, as well as
others that claim diatoms are the most abundant type of phytoplankton found in the Gulf of
Maine (Kane, 2011). When diatoms were at their highest abundance, species richness was also at
its highest, indicating that even with high densities, high diatom diversity occurs. During the fall
when both diatom abundance and species richness decline, small phytoplankton abundance (i.e.
picoeukaryotes, nanoeukaryotes, and cyanobacteria) increased. The decrease in diatoms likely
eases the competition for nutrients allowing these smaller phytoplankton to proliferate. This
diatom to smaller phytoplankton seasonal succession is observed throughout the Gulf of Maine,
and greater North Atlantic (Behrenfeld et al., 2005). At JEL, this seasonal succession is
reinforced by the significant relationship between changes in picoeukaryote and cyanobacteria
abundance with diatom abundance, whereas at NB, variability is more influenced by nutrient
availability (Tables 1-2).
Diatoms are large phytoplankton that contain a lot of chlorophyll pigments, therefore, as
chlorophyll a is a proxy for phytoplankton abundance, it is unsurprising that diatom abundance
correlated with chlorophyll a concentrations at NB and JEL. The correlation of diatom
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abundance and changes in salinity at NB may be attributed to a reduction in vertical mixing,
ultimately concentrating phytoplankton in the euphotic zone and causing a surface bloom.
Previous studies have shown that early blooms in the GOM and Scotian Shelf are correlated with
low salinity due to this surface accumulation (Ji et al., 2008).
Diatoms play a significant role in primary productivity and biogeochemical cycling in
marine and estuarine ecosystems. (Finkel and Kotrc, 2010). Diatoms contribute to the nitrogen
and phosphorus cycles through the excretion and degradation of compounds as they sink into the
sediment on the ocean floor in the form of marine snow (Kamp et al., 2016). Skeletonema sp. and
Thalassiosira sp., in particular, are the only known microorganisms to store NO3, and therefore a
correlation of NO3 + NO2 and diatom abundance at NB may be attributed to the high
concentrations of these species (Kamp et al., 2016). Additionally, the significant relationship
between diatom abundance and NH4 may be due to high species richness at NB, ultimately
increasing competition for the nutrient.
Diatoms utilize silica to develop their frustules, a protective layer, giving them an
advantage against zooplankton predation. As diatoms die and degrade, this silica can be
remineralized by bacteria, or can sink to the sediment (Finkel and Kotrc, 2010). Diatom
concentrations showed several blooms at NB and one larger bloom in spring at JEL. In winter,
SiO2 concentrations were high at NB, fueling the first bloom of the year. SiO2 proceeded to
decline throughout the remainder of the year, but diatom blooms still remained, signifying the
occurrence of recycling. At JEL, silica concentrations were low when diatom concentrations
were highest during the spring. This may be reflective of all the silica being bound in diatom
biomass, rather than available in the water column. Additionally, silica increased in summer and
fall at JEL when diatoms abundance decreased likely releasing silica back into the water column.
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Temporal Variability in Phytoplankton Abundance and Community Dynamics
Phytoplankton communities are a diverse mixture of genera from different classes that
are commonly dominated by a few individual species, particularly during blooming periods
(Moore, 2008). When environmental conditions are optimal for growth all species prosper, but
patterns show a few species typically obscure total biomass with their extreme abundances
(Barber and Hiscock, 2006). The importance of weekly time series is shown through high
variability in phytoplankton blooms, as dominant species can fade to insignificance within a few
days of high abundance (Moore, 2008). For example, in January a phytoplankton bloom of
Coscinodiscus sp. and Detonula sp. at JEL occurred, and one week later the species were absent
in the community. Therefore, the information obtained from a weekly time series is extremely
valuable, especially when comparing this information to past time series data.
Historically, the community composition of the Gulf of Maine has changed. From 19612008 GOM phytoplankton communities primarily consisted of Thalassiosira sp., Rhizosolenia
sp., and Phaeoceros sp. (Kane, 2011). Blooms at JEL in 2020 and 2021 were composed
primarily of Coscinodiscus sp., Detonula sp. Navicula sp., Skeletonema sp., Thalassiosira sp.,
and Chaetoceros sp., while the blooms at NB consisted of Rhizosolenia sp., Skeletonema sp., and
Coscinodiscus sp. Species variation between the sampling locations in these blooms, with the
exception of Coscinodiscus sp., may be caused by different environmental parameters required
for specific species to thrive. Species that bloomed in the estuary may have a higher tolerance for
changes in salinity compared to the species that bloomed in the higher salinity pelagic zone.
Although there was a higher abundance of diatoms at JEL, NB had a higher species richness
overall. Estuaries are smaller ecosystems with more homogeneity as they consist of a limited
number of habitats that can support a limited number of species (Olli et al., 2015). Therefore, it
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is unsurprising that more species are found in larger, more heterogenous habitats, such as coastal
areas along the open ocean. Temporal species variation between current data and historic data
represents the high variability within the Gulf of Maine’s diverse ecosystems.
Seasonal Variability of Locations
Seasonality of ecological factors observed at both sampling locations provides
information on the ideal parameters for the growth of certain phytoplankton species. The clear
distinctions between seasons at NB show that nutrients are highly influential in the winter
months, while small phytoplankton abundance and temperature correlate with summer
variability. The estuary displays a very different effect, despite being only 20 miles apart.
Diatom abundance, salinity, tide height, and nanoeukaryote abundance correlate with winter
variability, while nutrients, picoeukaryote and cyanobacteria abundance, and temperature
correlate with changes in summer. In terms of primary factors differing between locations, the
estuarine waters are influenced by temperature, phytoplankton abundance, and SiO 2, NH4, and
PO4, while coastal waters are influenced by salinity, tide height, and NO 3 + NO2. Variations in
phytoplankton abundance, community composition, nutrient concentrations, and abiotic
parameters are stark between these sampling sites that are very close in proximity to one another.
Therefore, long-term data collection at multiple locations with varying environments could prove
useful for discovering the dynamics of ecosystems in coastal New Hampshire.
Environmental and Economic Implications
As the first annual weekly observation of phytoplankton populations in Great Bay and
coastal New Hampshire, this time series provides essential information on primary productivity
and ecosystem dynamics. The magnitude of primary production in Great Bay has been increasing
each year, with increases in the rate of productivity up to 39% in the summer months (Lowien,
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2021), but little is known about primary production off New Hampshire’s coast. Discerning
fluctuations in primary productivity can contribute to the success of the fisheries and aquaculture
industries through providing valuable information on food web structure. By understanding
phytoplankton community structure, phytoplankton can be cultured and utilized as a food source
in aquaculture and fisheries facilities (Creswell, 2010). In addition to the economic benefits
brought about by phytoplankton, analyzing their population dynamics can also provide a
valuable baseline for understanding changes in ecosystems as climate change continues to impact
the Gulf of Maine.
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APPENDIX
Table 6. The community composition of phytoplankton species over time at North Beach, with
present species highlighted in green. Legend: a- Chaetocerous, b- Coscinodiscus, c- Detonula, dDitylum, e- Guinardia, f- Leptocylindricus, g- Licomorpha, h- Navicula, i- Odontella, jPsuedonitzchia, k- Rhizosolenia, l- Skeletonema, m- Thallasionema, n- Thallasiosira
Date
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Table 7. The community composition of phytoplankton species over time at Jackson Estuarine
Laboratory, with present species highlighted in green. Legend: a- Chaetocerous, bCoscinodiscus, c- Detonula, d- Ditylum, e- Guinardia, f- Leptocylindricus, g- Licomorpha, hNavicula, i- Odontella, j- Psuedonitzchia, k- Rhizosolenia, l- Skeletonema, m- Thallasionema, nThallasiosira
Date
10/28/20
11/4/20
11/11/20
11/18/20
11/25/20
12/2/20
12/9/20
12/16/20
12/22/20
12/30/20
1/6/21
1/13/21
1/27/21
2/3/21
2/10/21
2/17/21
2/24/21
3/3/21
3/10/21
3/17/21
3/24/21
3/31/21
4/7/21
4/14/21
4/21/21
4/28/21
5/5/21
5/12/21
5/19/21
5/26/21
6/2/21
6/9/21
6/16/21
6/23/21
7/1/21
7/7/21
7/14/21
7/21/21
7/28/21
8/4/21
8/11/21
8/18/21
8/25/21
9/1/21
9/8/21
9/15/21
9/22/21
9/29/21
10/6/21
10/13/21
10/20/21
11/3/21

a

b

c

d

e

f

g

42

h

i

j

k

l

m

n

